Hormonal control systems are complex in design and well integrated. Concern has been raised that these systems might act as evolutionary constraints when animals are subject to anthropogenic environmental change. Three systems are examined in vertebrates, especially birds, that are important for assessing this possibility: (i) the hypothalamic-pituitary-gonadal (HPG) axis, (ii) the activational effects of sex steroids on mating effort behaviour, and (iii) sexual differentiation. Consideration of how these systems actually work that takes adequate account of the brain's role and mechanisms suggests that the first two are unlikely to be impediments to evolution. The neural and molecular networks that regulate the HPG provide both phenotypic and evolutionary flexibility, and rapid evolutionary responses to selection have been documented in several species. The neuroendocrine and molecular cascades for behaviour provide many avenues for evolutionary change without requiring a change in peripheral hormone levels. Sexual differentiation has some potential to be a source of evolutionary inertia in birds and could contribute to the lack of diversity in certain reproductive (including life history) traits. It is unclear, however, whether that lack of diversity would impede adaptation to rapid environmental change given the role of behavioural flexibility in avian reproduction.
INTRODUCTION
The notable achievements of modern biology include a sophisticated understanding of vertebrate endocrine systems. Much has been learned about how they work, their interactions with the nervous and immune systems, the ways they respond to the demands of the animal's internal and external environments, how they regulate behaviour and how they contribute to the development of sexual phenotypes (Norris 1996; Pfaff et al. 2002) . Hormonal control systems are complex, with multiple levels of hierarchical control, negative and positive feedback loops and numerous signalling molecules. They are integrated systems capable of keeping hormone levels within certain limits. A perturbation in one hormone is likely to affect not only other levels of the same control system but also other hormonal systems altogether, as when an alteration in gonadal hormones affects adrenal hormone levels, and entire suites of correlated hormonedependent traits (McGlothlin & Ketterson 2008) .
Such integrated systems have been suggested to act as constraints; that is, sources of inertia slowing down evolution, when animals such as birds are subjected to a change in selective pressures (see McGlothlin & Ketterson 2008) . In adaptive landscape terms, if a change in the environment produces a shift in the fitness landscape so that the population is no longer at an adaptive peak, hormonal control systems could conceivably reduce the probability that the population will make it to another adaptive peak in time, avoiding extinction. The rapidity of recent environmental change due to human activity has made knowing whether hormonal systems would significantly lower the chances of success a matter of some urgency. Ideally empirical evidence would be brought to bear on the question, especially from quantitative genetic studies of selection on hormone-dependent suites of traits in freeliving populations, but such evidence is quite limited at this time (McGlothlin & Ketterson 2008) . This essay will evaluate the question from the complementary perspective of behavioural neuroendocrinology. Three hormonal control systems will be examined in vertebrates, especially birds: (i) the hypothalamicpituitary-gonadal (HPG) axis, (ii) the activational effects of sex steroids on fitness-promoting behaviour related to mating effort, and (iii) developmental cascades for sexual differentiation. It will be argued that such systems will not necessarily slow down adaptive walks.
THE HYPOTHALAMIC-PITUITARY-GONADAL AXIS
The endocrine axis for the regulation of the gonads and their products is often part of discussions of the mechanistic underpinnings of life histories. The degree to which this axis is 'on' or 'off' is related to key life-history traits such as age at onset of reproductive maturity and timing of onset of seasonal breeding. This axis is also the basis for an animal's ability to respond hormonally to other individuals, for social influences on hormone levels. Figure 1 is a schematic of the HPG along with other major endocrine axes. Most of the major features shown here are present in birds and other vertebrates, including mammals. The axes function as multiple-tier hierarchies. For the HPG, the top tier includes the neurons in the hypothalamus that produce gonadotrophin-releasing hormone (GnRH). This peptide neurohormone is transported to the anterior pituitary (pars distalis), where it regulates the amount of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) that will enter the general circulation. Upon reaching the gonads, these glycoprotein hormones then regulate the production of the sex steroid hormones that will enter the circulation.
These three tiers are linked in the reverse direction by feedback loops. In the case of the HPG, the circulating levels of the gonadal steroids are detected by the pars distalis and the hypothalamus, and appropriate adjustments occur to raise or lower the steroid levels according to age, season and other circumstances. Negative feedback is reflected in the observation that the testes shrink if males are given exogenous testosterone (see Wilhelms et al. 2005 for a recent example). Positive feedback can also occur, resulting in a continually increasing level, as when a sustained increase in oestradiol triggers an LH surge and ovulation in a mammal. Figure 1 also outlines other axes involved in the regulation of hormones related to reproductive traits, including the axis involved in the regulation of the smaller peptides of the oxytocin family (mesotocin and vasotocin in birds instead of the mammalian oxytocin and vasopressin). These various axes interact with each other, with the hypothalamic-pituitary-adrenal axis (HPA) that regulates corticosterone, and with the thyroid hormone axis ( Wilson 2001) . Not shown in the figure is the complex array of neurochemicals and other molecules that impact the hypothalamic neurosecretory cells in the top tier (Romero & Sapolsky 1996; Kriegsfeld 2006) . Also not shown is that the brain is a source of steroids as well as one of their targets.
This agglomerate system in figure 1 is impressively complex and nicely integrated. Norris (1996) . Copyright q Academic Press (Elsevier).) mechanisms introduce inertia into the evolutionary process of responding to a changed environment? Would they slow down an adaptive response such as a change in the timing of breeding? Would a change in one component cause the whole system to malfunction? There are several reasons to think not, based on how the system works, its phylogenetic distribution and empirical evidence. First, a critical operating principle of these systems is that the top tier consists of brain mechanisms (neurons, neurotransmitters and neuromodulators), not peripheral endocrine tissue. Endocrine control systems are neuroendocrine systems. The relevant part of the brain, the hypothalamus, is richly connected, neurally integrating several major brain systems (Butler & Hodos 2005) . It receives (directly or indirectly) information about both external and internal environments. The indirect information includes an evaluation of the significance of what has been detected. This is what enables the endocrine axes to respond to complex and nuanced stimuli such as the quality of a male's song. The involvement of the brain in hormonal regulation also means that endocrine responses can be acquired through experience (Graham & Desjardins 1980) . Hormonal regulation occurs in a top-down manner guided by a highly intelligent organ capable of adjustments over time through both evolution and learning.
With respect to genetic evolution, the complexity of the molecular networks that regulate GnRH opens many avenues for adaptive tinkering. What is likely to evolve is not so much the endocrinology of the axis itself (the hormones) but the neural mechanisms that assess the external world and the bird's condition and do the computational work for the HPG to be in the right state at the right time.
The phrase 'tight integration', when applied to hormonal control systems like the HPG, could easily be misinterpreted to mean that hormone levels themselves are tightly regulated. The concept of homeostatic regulation is certainly an important part of endocrinology, but there is a substantial difference in the tolerance limits between hormones required for health and life such as insulin or aldosterone and those for reproduction. In birds, the HPG axis is virtually off when not breeding (Dawson 2008) . HPG hormone levels are dynamic and can respond to social encounters such as territorial intrusions ( Wingfield et al. 1999) . Peripheral steroid levels vary both within and across individuals to a considerable degree, and a substantial range of values has been found in animals that are reproducing successfully (Ketterson et al. 2005; Kempenaers et al. 2008) . Yes, the feedback loops in the HPG allow the brain to set peripheral hormone levels fairly precisely (Kriegsfeld 2006 ). Precision does not mean rigidity, however, but rather temporary balance points that can undergo phenotypic change rapidly and flexibly.
A second reason to doubt that these hormonal control systems are inertial with respect to evolutionary change is that many of their features (those in figure 1 ) are characteristic of vertebrates generally. These features originated a very long time ago and have been working for those lineages that still exist for over 400 Myr. Mechanisms such as GnRH have already been filtered by selection to work in spite of environmental change and are currently accommodating a wider array of adaptive landscape peaks than those occupied by birds. It is heartening to realize that birds did make it through the mass extinction event that eliminated all the other dinosaurs, an event that may have involved climate change more sudden and extreme than what is occurring now (Clarke et al. 2005 ). Yet we would expect that some groups of birds would adapt through change better than others. For example, smaller birds with an earlier onset of reproduction and shorter generation intervals, and those that could evolve these characteristics rapidly, might be more likely to avoid extinction.
This brings us to the third reason, the empirical evidence for rapid responses to selection. Deermice (Peromyscus) populations contain a surprising amount of standing variation in the photoperiodic response, and artificial selection produces a significant change in only two generations (Desjardins et al. 1986; Avigdor et al. 2005) . A comparative study of several cardueline finch species suggests considerable evolutionary lability in the photoperiodic response (Hahn et al. 2004) . Avian migration has long been thought to involve hormonal regulation, and migratory tendencies, like seasonal schedules more generally, are flexible, responding to social cues and changing rapidly over generations (Helm & Gwinner 2006; . In a population of blackcaps (Sylvia atricapilla), the onset of migratory activity was significantly heritable and responded rapidly to artificial selection (Pulido et al. 2001) . The change in breeding onsets in Europe that has coincided with a warming trend (Winkler et al. 2002; Both et al. 2004) , while alarming, can also be taken to mean that endocrine control systems involved in the photoperiodic response and in migration are not constraining birds from tracking temperature change due to human activities.
There are also reasons to be cautious about concluding that hormonal control systems would not prevent sufficiently rapid adaptation (see also Dawson 2008) . One caveat is that the endocrinology of a critical life-history stage, sexual maturation, is not understood in most birds. Age at onset of reproduction is a major predictor of lifetime reproductive success (Roff 2001) . In a few domestic or captive birds that breed at 1 year of age or earlier, the timing of reproductive onset has been shown to be regulated by increasing day lengths (e.g. quail) which may require prior breaking of photorefractoriness (e.g. starlings); regulation of onset in species with deferred maturity (e.g. seabirds) is much more mysterious (Follett 1992) . In mammals, juvenile brain mechanisms seem to actively inhibit the HPG, and at puberty those inhibitory mechanisms are toned down (Plant 2001; Ojeda & Terasawa 2002) . Much less is known about how the brain regulates sexual maturation in birds (see Dawson & Goldsmith 1989 and Fraley & Kuenzel 1993 for examples of some progress). Without knowing what the neural mechanisms are at that time the transition from juvenile life to reproductive adulthood in species with deferred maturity, it is hard to know how flexible they are, or how rapidly earlier onset of reproduction could Review. Hormonal control systems E. Adkins-Regan 1601 evolve if selection for it increased. Living birds vary enormously in age at reproductive onset, but the phylogeny of that variation suggests that it has evolved over long time periods (Bennett & Owens 2002) . Finch (2002) has argued that the hormonal architecture of life-history traits like puberty permits a great deal of evolutionary flexibility, and studies have shown that selection can alter hormone levels at one life-history stage without affecting others (Zera et al. 2007 ). Age at reproductive maturity is heritable in chickens (Craig et al. 1975) , but it would be reassuring to have pertinent evidence from free-living birds. Would selection for earlier reproductive onset be constrained by trade-offs with other traits? A trade-off with growth does not seem likely, because unlike many other animals, birds, even those with very early puberty, reach adult body size prior to reproductive onset (Follett 1992) . Trade-offs with immune function or experience-dependent parental foraging ability are possible, however.
Another caveat concerns the nature of the small sample of avian species whose endocrinology has been studied. Only a few clades are represented. Some species, such as chickens, are domesticated forms with a long history of artificial selection for reproduction. Those that are genetically wild, such as song and whitecrowned sparrows (Melospiza melodia and Zonotrichia leucophrys, respectively), European starlings (Sturnus vulgaris) and house sparrows (Passer domesticus), have large ranges (the song and white-crowned sparrows) and are 'weedy' colonizers (starlings and house sparrows). These are generalists with sufficiently flexible neuroendocrine systems to adapt quickly to a wide array of latitudes and climates. Birds with more limited habitat preferences and ranges might not have this same pre-existing neuroendocrine flexibility.
A final caveat is the relative dearth of information about female birds. Female traits such as age at maturation and fecundity have a big impact on population size and risk of local extinction, and female-female aggressive interactions can be a major determinant of mating systems and social structure (Sandell 1998 ). Yet studies of hormones in wild species focus on males much more often than females.
ACTIVATION OF BEHAVIOUR RELATED TO MATING EFFORT
Adaptation to environmental change is behavioural as well as physiological. The important targets for gonadal hormones include the neural machinery responsible for the fitness-promoting behaviour of courtship and mating. How inflexible and constraining would this machinery be if, for example, environmental change selected for a change in mating frequency?
Major progress has been made discovering the neural circuits and hormone-initiated brain cascades responsible for the activation of mating (copulation), a critical fitness moment. The diverse array of vertebrates studied includes a bird, the Japanese quail (Coturnix japonica).
Steroids act through several mechanistic pathways to act on brain neurons to change behaviour probability. They are normally present in minuscule amounts, and their mechanisms of action involve cascades of events that amplify these tiny signals. Exactly what genes are affected, and how the target tissue will respond, depend on the steroid-receptor cofactors (co-regulatory activator or repressor proteins, not shown in the figure) and downstream mechanisms. In the brain's target neurons, the protein products can include enzymes for steroid synthesis and metabolism, steroid receptors (steroids often regulate their own receptors), enzymes for production or destruction of neurotransmitters, receptors for neurotransmitters, neuropeptides and their receptors, ion channels (pathway (iv)), proteins for building and repairing axons, dendrites and synapses (pathways (ii) and (iii)), and products that affect whether neurons will die (pathway (i)). The power of steroids to alter cellular structure and function by acting on the genome at multiple gene loci is impressive and helps to explain the diversity of steroid actions as well as their ability to coordinate multiple features of the behavioural and morphological phenotype.
Pathway (a) has been shown to be critical for the mating behaviour of the male Japanese quail (see Ball & Balthazart 2008 ). The behaviour is activated in part by oestrogen through a process in which some of the male's circulating testosterone is converted to oestradiol by the neurons in the preoptic area.
Other pathways of action ((b) and (c) in figure 2) have also been discovered. Some steroids can act on molecules in cell (neuron) membranes such as neurotransmitter receptors or ion channels (b). Steroids can bind not only to the intracellular receptors but also to steroid receptors located in cell membranes, thereby altering other proteins in the cell membrane via second messengers (c). These mechanisms of action have the potential to alter behaviour much more rapidly than pathway (a), in seconds or minutes instead of hours or days. These slow and fast pathways are thought to work together as two arms of an integrated signalling pathway, with the fast mechanisms setting up the slow ones (Lange 2007) .
The relevance of pathways (b) and (c) for avian mating behaviour is just beginning to be studied, but there is already evidence from Japanese quail for a rapid effect of oestradiol on male mating (Balthazart & Ball 2006; Cornil et al. 2006) . Further layers of complexity include a second oestrogen receptor (ERb), dopaminergic and glutamatergic neurons, additional signalling molecules such as CREB, and other parallel cascades, including those involving the oxytocin family peptides and their receptors (Absil et al. 2001; Panzica et al. 2001; Ball & Balthazart 2008 ).
Even in a relatively well-worked out case like the mating behaviour of quail, there are still unsolved puzzles. For example, the male's behaviour is completely steroid dependent, and there are marked individual differences among males in mating frequency, yet thus far the mechanisms responsible for those individual differences have proven elusive (Yang et al. 1998; Ball & Balthazart 2008) . As the raw material for evolutionary change, mechanisms behind individual variation are vitally important to discover yet seldom known.
This complexity of the molecular cascade for mating could be taken to mean that changing a hormonally regulated behaviour would be difficult. Yet there are three reasons to think that these activation cascades are permissive of evolutionary change rather than inertial.
First, this complexity provides many potential ways to 'tweak' the system on the receiving end (the steroid targets) through genetic change (Adkins-Regan 2005). Steroids and their receptors are not derived from the same genes (steroids are not direct gene products), neither are peptides and their receptors, nor the steroid and peptide receptors. The functional linkages occur through regulatory crosstalk, not genetic pleiotropism. In comparative endocrinology, it has long been appreciated that evolutionary change is more likely to occur at the target tissue and its properties, in the very mechanisms shown in figure 2, than in the hormones themselves (see Falcón et al. 2007 for a recent example). Artificial selection for hormone-dependent behaviour usually occurs without any change in the peripheral hormone level (see the work summarized by Yang et al. 1998 on long-term selection for mating frequency in male quail). Thus the possible costs of altered peripheral levels are not likely to act as constraints.
Second, modifications to organisms do not have to occur through mutations in structural DNA but can occur through alterations in gene expression across space and time, i.e. through changes in DNA regulatory elements (Britten & Davidson 1971; Lim et al. 2004) . For example, all cells have the gene for ERa. Whether a neuron produces ERa is based on whether the ERa gene is expressed there. It is already known from studies of songbirds and voles that hormone-related gene expression patterns can evolve quickly enough to differ notably between related species, with interesting consequences for vocalization (Gahr & Balaban 1996; Shaw & Kennedy 2002) , mating systems ( Young et al. 1998 ) and sociality (Goodson et al. 2006) . Variation in hormone-related gene expression has been discovered within species and populations that are associated with behavioural variation, providing a mechanistic basis for microevolutionary change (Phelps & Young 2003) .
A third reason to resist interpreting these mechanisms as inertial is the existence of multiple parallel pathways involved both upstream (those shown in figure 2 ) and further downstream (the peptide cascades resulting from steroid interactions with DNA). For example, there are multiple receptor types for many hormones, peptides and neurotransmitters. This ensures that no one pathway is strictly necessary because together the rest will be sufficient. This is one reason gene knockouts designed to disable one hormone-related brain mechanism do not always have the expected behavioural impact ( Nelson 1997) . Naturally occurring genetic change could occur without disabling integrated hormonal activation systems.
THE SEXUAL DIFFERENTIATION CASCADES
The sexes generally share many life-history traits but differ quantitatively in some, for example, age at sexual maturation or qualitatively in others, e.g. clutch size, an exclusively female trait. How the two sexual phenotypes are produced is an important problem with a long history of research attention. How does the differentiation of male and female anatomy and behaviour occur from an initially undifferentiated embryo? What is the involvement of hormones in this process? Quite a bit has been learned about the developmental processes and molecular cascades of sex determination and sexual differentiation in a few model species of birds, principally Japanese quail and chickens, both of which have precocial development, and zebra finches (Taeniopygia guttata), which have altricial development.
Birds have a ZZ/ZW system of sex chromosomes and the female (the ZW sex) is the sex-determining parent. If an ovum receives a Z chromosome, the embryo will be ZZ and will develop testes; if it receives a W, it will be ZW and will develop ovaries. Figure 3 summarizes some of what has been learned about the molecular cascades for gonadal sex determination. Some of these genes are the same or similar to those involved in mammals. That is, much of the cascade seems to be conserved even when the starting point (a ZZ/ZW versus XX/XY system) is not (Wilkins 2002) . One interesting difference is that the aromatase enzyme and oestrogen are part of the cascade creating an ovary in birds and other vertebrates but not in mammals (Elbrecht & Smith 1992; Wade & Arnold 1996) . Oestrogen is not only a product of an ovary but also part of the process that produces an ovary in the first place.
Sexual differentiation of the brain and mating behaviour in chickens and quail is a 'bottom-up' process directed by the embryo's own gonads according to an organizational principle (see Balthazart & Adkins-Regan 2002 for details). During a critical period before hatching, gonadal sex steroids determine whether the embryo will develop the capacity for an adult male or female behavioural phenotype. The process has been best explored in quail and is summarized in figure 4. An embryonic ovary will produce a high ratio of oestradiol to testosterone (Schumacher et al. 1988; Ottinger et al. 2001) . Such steroid exposure will eliminate the capacity for male mounting behaviour and sexual interest in females. Embryonic testes will produce a low ratio of oestradiol to testosterone, resulting in an individual that will retain the ability to mate like a male and be sexually interested in females. The critical evidence for this scenario includes experiments in which birds hatched from eggs injected with oestradiol show a female behavioural profile as adults, regardless of their genetic sex, whereas birds hatched from eggs treated with oestrogen receptor antagonists or oestrogen synthesis inhibitors show a male behavioural profile, regardless of genetic sex. Among the advantages of this kind of early organization of adult behaviour are that a behaviour that promotes fitness in one sex can be permanently deleted from the other sex if its fitness effect there would be negative, eliminating a constraint on one sex due to a genetic correlation with the other.
What are the brain mechanisms responsible for such powerful and permanent effects of the embryonic steroid milieu? While this part of the story is still evolving, it is already clear that the neurons producing the peptide arginine vasotocin are an important chapter. There is a marked sex difference in quail in the vasotocinergic innervation of the medial preoptic area and bed nucleus of the stria terminalis (two brain regions for mating), with innervation in males but almost none in females. The same embryonic treatments that sex reverse mating behaviour also sex reverse this innervation pattern, a striking parallel that may reflect a causal relationship (Panzica et al. 1998 ). Unfortunately, a satisfying picture of sexual differentiation of behaviour in songbirds (oscine passerines) such as zebra finches has not yet emerged. This is ironic given that the forebrain song system of songbirds contains the most striking brain sex differences of any vertebrates. Genetic females experimentally altered to develop testes still have a female song system, and genetic males given steroid synthesis inhibitors during the putative critical period still develop a male song system (Wade & Arnold 2004) . The sex of the gonads does not predict the sex of the song system, ruling out a bottom-up organizational hormone principle altogether. The current alternative hypothesis is that sex chromosome gene products expressed in the brain are the signals for brain/behaviour sexual differentiation, but what those genes or signals are is unclear (Wade & Arnold 2004) .
Meanwhile progress has been made towards discovering the cascades involved in sexual differentiation of the mammalian brain (De Vries & Simerly 2002; McCarthy et al. 2003; Forger 2006) . Although the initiating signals originate differently in mammals than in birds (from testes in mammals, the ovary in chickens and quail and the brain in zebra finches), some of the downstream cascades could be conserved and generalize to bird brains. Figure 5 summarizes part of what has been learned.
Once again, it is tempting to look at figures 3-5 and conclude that this complexity in developmental cascades must surely produce evolutionary inertia. How can anything about the differentiation process be altered except with difficulty (risk of maladaptive intersex states) and over a long period of time? Yet there are reasons to think that developmental complexity is not necessarily constraint.
One argument comes from evolutionary developmental biology (Gerhart & Kirschner 1997; Hall 1999; Wilkins 2002; West-Eberhard 2003) . Developmental mechanisms are modular-networks of molecular interactions that are versatile and semi-discrete. Each module is well integrated within itself through regulatory linkage, not genetic linkage. Integration in turn provides stability, but stability is not constraint. Development is canalized owing to buffering and redundancy, not rigidity. New interactions within modules can evolve even if there are some seemingly awkward intermediate stages on the way to the new adaptive peak (Bridgham et al. 2006; Poelwijk et al. 2007) .
Within-module integration allows sensibly coordinated change in an entire suite of characters. Surprisingly small genetic changes can produce a matched set of changes in all the products of the module, as in the evolution of vertebrate crania (Hanken & Gross 2005; Noden & Schneider 2006) . With respect to brain circuits, separate genes are not needed to produce changes in each of the component parts. During development, groups of neurons (nuclei) affect those that project to them through trophic relationships and other regulatory signalling. A change in one nucleus will alter others to which it is connected (Striedter 2005) .
These insights change how to think about the relation between molecular genetic and phenotypic evolution. There is no simple one-to-one relationship between the two. Furthermore, the only way to understand the true relationship between genotypic change and endocrine or behavioural change is to get the nervous system into the picture.
Modules are also dissociable. A sizable change in one does not have to perturb others. Males and females develop a very different set of reproductive organs without perturbing how the kidneys and other nearby Review. Hormonal control systems E. Adkins-Regan 1605 organs develop. In seasonally breeding species, reproductive organs regress in the non-breeding season and recrudesce in the breeding season, again without ill effects on other organs. Nor are all the mechanisms for generating sex differences in response to natural and sexual selection part of the same module. A change in one kind of behaviour such as singing or parenting can occur without altering other behaviour. Males of species with sex role reversal, such as phalaropes, still mate like males, and female songbirds that sing still mate like females.
This leads to the second, more empirical, reason to doubt that the developmental cascades of sexual differentiation are inertial. Comparative analyses of evolutionary changes in sexual dimorphism tend to show that such changes have occurred frequently in birds (Szekely et al. 2000; Dunn et al. 2001) . For example, Thryothorus wrens vary markedly in the degree of sexual dimorphism in both singing and the neural song system (Brenowitz & Kroodsma 1996) .
On the other hand, even those evolutionary changes might have required more time than current anthropogenic environmental change will allow. Furthermore, some aspects of avian sexual differentiation might be hard to change, slowing down or preventing potentially adaptive phenotypic change. For example, in most birds the Z chromosome is much larger than the W. It is thought that once sex chromosomes have become highly heteromorphic, this process cannot be reversed, but instead goes to fixation (Charlesworth 1991) . Suppose birds were to be subjected to some kind of selective pressure favouring a trait that could evolve with greater likelihood with an XX/XY system than a ZZ/ZW system. Such an adaptive walk might be impossible.
Developing birds are quite sensitive to exogenous oestrogens, both behaviourally, as when male brains are feminized by low doses, and in egg production, as when female embryos exposed to elevated levels have oviduct abnormalities and fail to lay eggs (Adkins-Regan et al. 1995) . If pollution from endocrine disrupting chemicals continues, it may be difficult for birds to escape some fitness reducing consequences (Halldin 2005; Ottinger et al. 2005) . How rapidly could a bird evolve resistance to environmental oestrogens without disrupting its normal sexual differentiation processes and essential egg production functions?
Another possible constraint is that birds have little potential for adaptive manipulation of primary sex ratios through either temperature sex determination (a method used by some reptiles) or 'top-down' socially induced adult sex change (a method used by some teleost fishes). Some female birds seem to produce adaptively biased primary or secondary offspring sex ratios. How they do this is not well understood, however, and those hormonal mechanisms for which there is evidence seem to come with a cost in fertilization failure or embryonic mortality (Correa et al. 2005; Love et al. 2005; Rutkowska & Badyaev 2008) .
The reproductive mode of birds is relatively invariant. All lay eggs. Yet transitions between oviparity and viviparity have occurred many times in lizards and snakes. Why birds have never evolved viviparity is a longstanding evolutionary puzzle (Blackburn & Evans 1986; Anderson et al. 1987) . Regardless of whether absence of viviparity reflects some interesting constraint, however, it is unlikely to prevent adaptation to climate warming, because viviparity is thought to be selected for when conditions are colder, rather than warmer (Shine 1995) . Nonetheless, further consideration of hormonal constraints related to basic lifehistory features of birds seems warranted.
Instead of diverse reproductive modes, sex change and other tricks, birds, like some mammals, seem to rely on mobility and on behavioural flexibility in mating and parenting to cope with social and physical environments (Ligon 1999) . Sexual behaviour arrangements vary from complete lifelong monogamy to females that pair with a close relative and seek extrapair copulations for offspring production (Russell & Rowley 1996) . Parenting arrangements include care by a group, males only, females only and every imaginable partitioning of effort between a male and a female including nest desertion by both (Bleeker et al. 2005) . These are behavioural traits. Such traits tend to be relatively labile evolutionarily, and their phenotypic flexibility should not be assumed to slow down evolution ( 
CONCLUSIONS
When and to what extent do hormonal control mechanisms affect the outcome of selection on lifehistory traits? I have described three complex integrated hormonal systems of birds. I have argued that of these, only one, sexual differentiation, is likely to be any source of evolutionary inertia, and even then only for certain kinds of change. The idea that the hormonal control systems would of necessity create inertia becomes less plausible once due consideration is given to the importance of behaviour in adaptation, the role of the brain in endocrine control systems and the developmental basis of evolutionary change. Integration is not inflexibility. Rather than invariably reducing the probability that a population will make it to another adaptive peak in time, hormonal control systems have the potential to influence which peak that will be if several are reasonably near, and what route will be taken to get there. This does not mean that living birds face no threat from anthropogenic environmental change. It simply means that if birds fail to adapt, it will probably not be because their endocrine systems have failed them.
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